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The E2F family is composed of at least eight E2F and two
DP subunits, which in cells exist as E2F/DP heterodimers
that bind to and regulate E2F target genes. While DP-1
is an essential and widespread component of E2F, much
less is known about the DP-3 subunit, which exists as a
number of distinct protein isoforms that differ in several
respects including the presence of a nuclear localisation
signal (NLS). We show here that the NLS region of DP-3
harbours a binding site for 14-3-3¢, and that binding of
14-3-3¢ alters the cell cycle and apoptotic properties of
E2F. DP-3 responds to DNA damage, and the interaction
between DP-3 and 14-3-3¢ is under DNA damage-respon-
sive control. Further, 14-3-3¢ is present in the promoter
region of certain E2F target genes, and reducing 14-3-3¢
levels induces apoptosis. These results identify a new level
of control on E2F activity and, at a more general level,
suggest that 14-3-3 proteins integrate E2F activity with the
DNA damage response.
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Introduction

The E2F family of transcription factors is inextricably linked
with cell cycle progression and apoptosis, through co-ordi-
nating the expression of a large body of genes involved in
regulating the G1 to S phase transition, as well as others
involved with apoptosis (Stevens and La Thangue, 2003).
During the cell cycle, E2F activity is controlled through the
temporal association of ‘pocket’ proteins, the prototype
member being the retinoblastoma protein (pRb), which phy-
sically interacts with E2F. In turn pRb is regulated at the level
of phosphorylation through the activity of cyclin-dependent
kinases. Overall, E2F is intimately connected with the cell
cycle, and its activity contributes to the timely expression of
genes required for early cell cycle progression.

The E2F family is composed of at least eight E2F and two
DP subunits, which physically associate as E2F/DP hetero-
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dimers that bind to and regulate E2F target genes (Trimarchi
and Lees, 2002). E2F-1, the founding member of the family,
displays the properties of both an oncogene and tumour
suppressor (La Thangue, 2003; Stevens and La Thangue,
2003). For example, while E2F-1 can advance quiescent
cells into S phase (Johnson et al, 1993; Qin et al, 1994),
the level of apoptosis in Rb™/~ mice is suppressed by
E2F-1 deficiency (Tsai et al, 1998; Yamasaki et al, 1998),
and E2F-1"/~ mice display defects in apoptosis together with
an increased incidence of tumours (Field et al, 1996;
Yamasaki et al, 1996).

Much less is known about the DP family of proteins. The
first identified member, DP-1, is a widespread component of
the E2F heterodimer (Girling et al, 1993; Bandara et al, 1994).
It is an essential gene since mice that lack DP-1 activity are
embryonically lethal, in part due to defects in the develop-
ment of extra-embryonic tissue (Kohn et al, 2003). The other
member of the DP family, murine DP-3 (which has a protein
isoform that is equivalent to human DP-2), is also quite
widely expressed (Ormondroyd et al, 1995; Zhang and
Chellappan, 1995; Rogers et al, 1996).

A notable feature of DP-3 is its complex regulation, which
distinguishes it from other members of the DP and E2F family
(Ormondroyd et al, 1995). DP-3 RNA is subject to extensive
alternative splicing that results in at least four distinct protein
isoforms, referred to as o, B, y and & (Figure 2A). A region,
referred to as the extra (E) region, present in the o and 6
isoforms (Figure 2A), contributes to a bi-partite nuclear
localisation signal (NLS) in conjunction with a juxta-posi-
tioned stretch of basic residues. Thus, DP-3 isoforms that
contain the E region are localised to nuclei, whereas isoforms
devoid of the E region are present mostly in the cytoplasm
(de la Luna et al, 1996; Allen et al, 1997). The N-terminal
extension, present in the o isoform, binds DIP, which is
a BTB/POZ domain protein that influences the activity
of the o« isoform (de la Luna et al, 1999).

The 14-3-3 proteins represent an evolutionarily conserved
family that are involved in a wide range of biological pro-
cesses (Fu et al, 2000; van Hemert et al, 2001). They bind to
and alter the activity of target proteins through, for example,
sequestration, re-localisation and conformational alterations
(Fu et al, 2000; Tzivion et al, 2001). There are seven 14-3-3
isoforms that exist as dimers in cells, which recognise target
molecules predominantly through phosphorylated serine
residues (Muslin et al, 1996; Rittinger et al, 1999).

It is known that 14-3-3 proteins play an important role in
cell cycle control. For example, phosphorylation of Cdc25
phosphatase, which activates Cdc2 at mitosis by de-phos-
phorylating tyrosine 15, creates a 14-3-3 binding site that
subsequently leads to the cytoplasmic sequestration of Cdc25
(Peng et al, 1997; Blasina et al, 1999; Kumagai and Dunphy,
1999). This may involve an alteration in the activity of the
Cdc25 NLS by affecting its interaction with importin o/
(Kumagai and Dunphy, 1999; Zeng and Piwnica-Worms,
1999). Further, the interaction between 14-3-3 and p53
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enhances DNA-binding activity and the ensuing p53 response
(Hermeking et al, 1997;Waterman et al, 1998; Chehab et al,
2000), and the proapoptotic activity of Bad is regulated by
binding to 14-3-3, which prevents formation of a heterodimer
with the Bcl2 oncoprotein (Xing et al, 2000).

In order to gain further insight into the role of DP-3 and
the regulation of E2F activity, we have explored the control of
DP-3 during the DNA damage response. Our results indicate
that DP-3 is induced in response to DNA damage, and suggest
that 14-3-3¢ plays an important role in this process.
Specifically, 14-3-3¢ binds to the NLS region of DP-3, and
this interaction alters the cell cycle and apoptotic properties
of E2F. Moreover, the interaction between 14-3-3¢ and DP-3 is
under DNA damage control. 14-3-3¢ is present in the promo-
ter region of E2F target genes, and further altering the level
of 14-3-3¢ induces apoptosis. These results define a new and
intricate level of control on the DP-3 subunit and, at a more
general level, suggest that 14-3-3 proteins integrate E2F
activity with the DNA damage response.

Results

DP-3 is DNA damage responsive

Previous studies suggested that E2F activity plays a role in
the DNA damage response (Blattner et al, 1999; Hofferer
et al, 1999; O’Connor and Lu, 2000). Specifically, E2F-1 is a
DNA damage-responsive protein (Stevens et al, 2003). We
reasoned that DP subunits may in a similar manner respond
to DNA damage and therefore investigated the effect of DNA
damage on DP-1 and DP-3. In cells treated with bleomycin,
which acts as a radiomimetic drug (Demonacos et al, 2004), a
clear increase in DP-3 levels was apparent, whereas DP-1 was
not affected (Figure 1). DP-3 underwent a similar response
to UV light and etoposide treatment (data not shown). As

A Bleomycin
I 1
0 05 1 2 4 - Time(h)
DP-3» wms | |B: 0-DP-3

E2F-1» | % e o ww s w | |B: o-E2F-1

14-3-3» | |1B: 0-14-3-3

Actin > | “— e = | 1B 01-Actin

B Bleomycin
T

0 1 2 4 6 8 :Time(h)
DP-1» | ques @9 @ @ & @9 | 5. o-DP-1

PCNA>| S ———

« = ||B: 0-PCNA

Figure 1 DNA damage induction of DP-3. SiHa cells were treated
with bleomycin (5pg/ml) for the indicated time (in hours),
harvested and immunoblotted with anti-DP-3 (A), anti-DP-1 (A),
anti-E2F-1 (A), anti-14-3-3¢ (A), anti-PCNA (B) or anti-actin (A) as
indicated.
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expected, the levels of E2F-1 increased under DNA damage.
Therefore, DP-3 is a DNA damage-responsive DP subunit.

DP-3 binds to 14-3-3¢

To investigate whether the response of DP-3 to DNA damage
involved protein-protein interactions, we employed a yeast
two-hybrid screen to identify proteins that interact with
DP-3 (Figure 2A and B). We expressed a Lex A fusion protein
fused to the N-terminal 110 residues of DP-38 and screened
for interacting proteins in a 10.5-day mouse embryo cDNA
library (Figure 2). The sequence of one positive clone
revealed it to be the epsilon (¢) isoform of the 14-3-3 family
(Roseboom et al, 1994).
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Figure 2 Identification of a 14-3-3¢ binding site in DP-3.
(A) Schematic representation of the DP family of proteins. The
position of the bi-partite NLS, composed of the E and B region is
indicated, together with the conserved DNA-binding domain. The
four known isoforms of DP-3, o, B, y and & (Ormondroyd et al,
1995), are indicated. DP-1 is shown for comparison. The human
DP-2 protein (Zhang and Chellappan, 1995) is equivalent to the
murine DP-3a isoform. (B) Protein sequence of the E and B
region, together with the sequence absent in the natural protein
isoform DP-3B and the mutant derivative DP-3AB (de la Luna
et al, 1996), and the serine (S) residues mutated to alanines
(A; indicated in red) in DP-3 5S. (C) Summary of results from the
yeast two-hybrid assay with the indicated baits and prey using 14-3-3¢
fused to the VP16 trans-activation domain (TAD). (D) Mammalian
two-hybrid assay in U20S cells with DP-1 or DP-36 fused to the Gal4
DNA-binding domain and 14-3-3¢ fused to the TAD of VP16. All plates
were co-transfected with pCMV-B-gal (2pug) as an internal control.
Values are given as the ratio of luciferase to p-gal activities.
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The specificity of the interaction was assessed in yeast
where the interaction between 14-3-3¢ and DP-3 was found to
be dependent upon the presence of both the E and B region,
since the natural DP-3f isoform (which lacks the E region)

DP-3

and the DP-3AB mutant derivative (lacking the stretch
of basic residues) failed to interact (Figure 2B and C). It is
consistent with this idea that DP-1, which lacks sequence that
exhibits similarity to the E region (Ormondroyd et al, 1995),
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Figure 3 14-3-3¢ binds to DP-3. (A) Coomassie stain showing bacterially expressed GST (track 4), GST-DP-38 wt (track 5), GST-DP-3 5S (track
6) and 2 and 5 pg BSA (track 2 and 3, respectively) as protein standards. Molecular weight markers are shown in track 1. (B) COS7 cells were
transiently transfected with expression vectors encoding myc-14-3-3¢ (50 ug) and HA-E2F-5 (50 pg). The cells were harvested and used in a
binding assay with either 5pg of GST (track 2), GST-DP-35 wt (track 3) or GST-DP-3 5S (track 4). The input levels of E2F-5 and 14-3-3¢ are
shown in track 1. (C) COS7 cells were transiently transfected with expression vectors encoding HA-E2F-5 (20 pg), DP-36 wt (20 ug), myc-14-3-
3¢ (40pg) and PB-gal (5pg) as an internal control. Cells were harvested and subjected to immunoprecipitation with anti-DP-3 antibody and
immunoblotted with either anti-HA, anti-DP-3 or anti-myc as indicated. The immunoglobulin heavy chain (*) obscures the upper DP-3
polypeptide in the IB anti-DP-3 treatment. (D, E) COS7 cells were transiently transfected with the following amounts of the indicated expression
vectors encoding DP-38 wt (20 pug), DP-3 5S mutant (20 ug), myc-14-3-3¢ (40 pug) and B-gal (5 pg) as an internal control. Cells were harvested
and subjected to immunoprecipitation with either anti-DP-3 antibody (D) or anti-14-3-3¢ antibody (E) and immunoblotted with either anti-DP-3
or anti-myc as indicated. The immunoglobulin heavy chain (*) obscures the upper DP-38 polypeptide in the IB anti-DP-3 treatment. (F) In vitro-
translated luciferase (tracks 2 and 3), HA-E2F-5 and DP-36 wt (tracks 4-6) or HA-E2F-5 and DP-3 5S (tracks 7-9) were assessed for DNA
binding on the E2F site taken from the E2A promoter as described. Track 1 shows the probe alone; wt indicates the presence of
nonradiolabelled wild-type E2F site (100-fold excess) and — and + indicate the absence or presence of anti-HA antibody. The DP-3/E2F-5
complex and the supershift (SS) that occurs upon the addition of anti-HA are indicated. (G) Human ML-1 cells were harvested and subjected to
immunoprecipitation with either anti-14-3-3¢ or a control antibody, and then immunoblotted with either anti-DP-2 or anti-14-3-3¢ as indicated.
Endogenous 14-3-3¢ and DP-2 are shown in tracks 1 and 2. The symbol @ indicates a nonspecific band in the input extracts recognised by the
anti-14-3-3¢ antibody. Note that human DP-2 is equivalent to murine DP-3.
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also failed to interact with 14-3-3¢ (Figure 2C). The inter-
action was tested in mammalian U20S cells using the
two-hybrid assay with VP16-tagged 14-3-3¢ and Gal4-DNA-
binding domain-tagged DP-38 or DP-1 where significant
stimulation of activity was apparent when VP16-14-3-3¢ was
co-expressed with Gal4-DP-38 but not with Gal4-DP-1
(Figure 2D).

To further characterise the interaction, we pursued in vitro
binding assays and thereafter assessed the interaction
in mammalian cells. Purified GST-DP-35 (Figure 3A) was
incubated in an extract prepared from transfected COS7
cells expressing myc-tagged 14-3-3¢. Relative to GST alone,
a specific interaction occurred between GST-DP-3 and 14-3-3¢
and, as expected, DP-3 bound to the E2F subunit (Figure 3B).
The interaction was also studied using GST-14-3-3¢ and
extracts prepared from COS7 cells expressing DP-3 and E2F
proteins, where a similar level of specificity was seen (data
not shown).

We next studied the interaction between DP-36 and 14-3-3¢
in cells. By immunoprecipitation followed by immuno-
blotting, DP-36 and 14-3-3¢ bound specifically to each
other, and the interaction was not altered by the presence
of the E2F subunit (Figure 3C). A similar level of specificity
was apparent when antibodies against either DP-35 or
14-3-3¢ were used in the primary immunoprecipitation step
(Figure 3C-E). Most importantly, we established that 14-3-3¢
and DP-3 interact under physiological conditions by immuno-
precipitating 14-3-3¢ from ML-1 cells, where human DP-2
(the human equivalent of murine DP-3) was specifically
detected in the immunocomplex (Figure 3G). Thus, DP-3
and 14-3-3¢ interact under physiological conditions.

The DP-3 5S mutant derivative cannot bind to 14-3-3¢
To explore the role of the 14-3-3¢ in regulating DP-3 activity,
we sought to identify a mutant derivative of DP-3 that failed
to bind 14-3-3s. The results derived from the two-hybrid
assays indicated that the E and B region are necessary for
the interaction between DP-3 and 14-3-3g, suggesting that
residues within these domains, or in close proximity, are
likely to be involved in binding 14-3-3s. We undertook
a mutagenesis strategy in which we altered residues in
DP-3 that were likely to influence the interaction between
the two proteins. Our attention focussed on serine (S) resi-
dues in the E and B region, given the role of S residues in the
14-3-3 recognition of target proteins (Muslin et al, 1996;
Rittinger et al, 1999).

A panel of mutant derivatives where individual or groups
of S residues were altered to alanine (A) was prepared and
assessed for in vitro binding to 14-3-3¢. The DP-3 5S mutant,
where five serine residues in DP-38 had been changed to
alanine (Figure 2B), failed to interact with 14-3-3¢, in contrast
to the other mutant derivatives 2S, 3S and 4S, which retained
binding activity (Figure 3B, and data not shown). Similarly,
in cells there was very reduced binding to 14-3-3¢ (Figure 3D
and E), suggesting that DP-3 5S is a mutant derivative devoid
of 14-3-3¢ binding activity.

To determine the specificity of the effect seen in DP-3 5S for
14-3-3¢ binding, we investigated several established proper-
ties of DP proteins. DP-3 5S behaved like wild-type DP-3 in all
assays tested. Thus, DP-3 5S bound to an E2F partner
(Figure 3B), retained DNA-binding activity (Figure 3F), and
accumulated in nuclei (Figure 6) like its wild-type counter-
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part. The inability of DP-3 5S to bind to 14-3-3¢ did not
therefore reflect a general and nonspecific loss of activity.
Given the specific loss-of-function in DP-3 5S for 14-3-3¢
binding activity, we compared wild-type DP-33 to the proper-
ties of DP-3 5S in order to gain a clearer understanding of the
role that 14-3-3¢ might play in regulating E2F activity.

Functional consequences of 14-3-3s on E2F activity

As E2F regulates transcription, we surmised that 14-3-3e may
impart altered transcriptional activity on E2F. To investigate
this possibility we co-expressed 14-3-3¢ with E2F, where the
DP partner was provided by DP-35, and the E2F subunit
by E2F-5, and measured the activity of the E2F-responsive
cyclin E promoter (Botz et al, 1996). There was a titratable
increase in the activity of the cyclin E promoter upon the
expression of 14-3-3¢ (Figure 4A), suggesting that 14-3-3¢
augments E2F activity. In contrast, a similar activity profile
was not apparent when wild-type DP-36 was replaced by
DP-3 5S (Figure 4A), arguing that the ability of 14-3-3¢
to influence E2F activity is dependent upon its interaction
with DP-3.

As E2F has an established role in regulating the cell cycle
and apoptosis (Stevens and La Thangue, 2003), we asked if
the interaction with 14-3-3¢ and consequent effect on tran-
scription had any impact on these properties. The expression
of the E2F heterodimer, E2F-5/DP-33, reduced the size of the
G1 population and increased the number of G2/M phase
cells, which, in the presence of 14-3-3g, was significantly
enhanced (Figure 4B(iii) and (iv)). Moreover, while the
consequence of E2F-5/DP-3 5S expression was similar, the
subsequent effect of co-expressing 14-3-3¢ was much reduced
(Figure 4B(v) and (vi)), suggesting that 14-3-3¢ augments the
cell cycle effects that result from E2F activity.

To substantiate this idea, we measured the proportion of
cells undergoing DNA synthesis by incorporation of 5-bromo-
2'-deoxyuridine (Brdu). While 14-3-3¢ was capable of aug-
menting DNA synthesis in the presence of the E2F hetero-
dimer, enhanced DNA synthesis was not apparent with DP-3
5S (Figure 4C(i)). Based upon the cell cycle analysis and Brdu
incorporation results (Figure 4B and C(i)), we conclude that
14-3-3¢ facilitates cell cycle progression, and that the physical
interaction between DP-3 and 14-3-3¢ is likely to be required
for this effect.

We assessed the effect of 14-3-3¢ on E2F-dependent apop-
tosis (Qin et al, 1994). While apoptosis was induced by
the expression of E2F-5/DP-39, it was less significant in the
presence of 14-3-3¢ (Figure 4C(ii)). DP-3 5S possessed similar
apoptotic activity to wild-type DP-38, although the level of
apoptosis was not reduced upon the expression of 14-3-3¢; in
fact, there was a reproducible increase in apoptotic activity
(Figure 4C(ii)), perhaps reflecting a dominant-negative
effect of DP-3 5S on apoptosis. Overall, these results show
that 14-3-3¢ can influence E2F apoptotic activity.

We considered that 14-3-3t¢ may impart biochemical
changes on E2F, such as an influence on protein stability.
Consequently, cells expressing DP-35, DP-3 5S, E2F-5 and
14-3-3¢ proteins were treated with cycloheximide and there-
after the half-life measured. Both DP-36 and E2F-5 possessed
similar stabilities, each subunit exhibiting a half-life of about
2h (Figure 5A and C). A marked reduction in the stability of
both subunits occurred in the presence of 14-3-3¢, approach-
ing a half-life of about 60 min (Figure 5A and C). This effect
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was dependent upon the interaction with 14-3-3¢ since (Figure 5B and C), supporting the idea that 14-3-3¢ influences
the stability of DP-3 5S was significantly greater than wild- the stability of DP-3.
type DP-3 in the presence of 14-3-3¢, with a half-life of As 14-3-3 proteins regulate the activity of target proteins
greater than 2.5h (Figure 5B and C). Further, the co-expres- in part by altering the intracellular location (Fu et al, 2000;
sion of 14-3-3¢ had minimal effect on the half-life of DP-3 5S Muslin and Xing, 2000), we reasoned that intracellular
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location of one of DP-38 or 14-3-3e may be affected
upon their interaction. Consistent with previous studies,
DP-38 was predominantly nuclear (Figure 6G and H) reflect-
ing the presence of a bi-partite NLS (de la Luna et al,
1996; Allen et al, 1997). In contrast, 14-3-3¢ was distri-
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To substantiate that this effect was due to the interaction
between 14-3-3¢ and DP-36, we studied the effect of DP-3 5S
on 14-3-3¢. Although DP-3 5S was nuclear (Figure 6I and J),
it failed to affect the localisation of 14-3-3¢ (Figure 6N)
and, while the cytoplasmic distribution remained similar to

14-3-3¢ alone, in a small number of cells an accumulation of
14-3-3¢ in the perinuclear region was evident (Figure 60).
Thus, the interaction between DP-36 and 14-3-3¢ results in an
altered nuclear distribution of 14-3-3¢.

buted throughout the cell (Figure 5K). In cells expressing
both 14-3-3¢ and DP-33, there was a clear shift in the
localisation of 14-3-3¢, which became mostly nuclear
(Figure 6L and M).
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Figure 5 14-3-3¢ affects the stability of the DP-35/E2F-5 heterodimer. (A, B) COS7 cells were transfected with expression vectors (5 pg) for
HA-E2F-5, DP-36 wt, DP-3 5S and (10ug) myc-14-3-3¢ as indicated. The cells were treated with cycloheximide (CX) and subsequently
harvested at the indicated time points. DP-36 was detected using the polyclonal antibody 7.2, E2F-5 with anti-HA and 14-3-3¢ with anti-myec.
(C) Quantitation of the stability of DP-36 wt and DP-3 5S in the presence or absence of 14-3-3¢.

Figure 4 Growth-regulating and apoptotic control of E2F activity by 14-3-3¢. (A) COS7 cells were transfected with cyclin E-luc (0.5 pg), and
expression vectors encoding HA-E2F-5 (1 pg), DP-38 wt (1 pg), DP-3 5S (1 pg) and 14-3-3¢ (0.5, 1 or 2 pg) as indicated and pCMV-B-gal (1 pg) as
an internal control; where no 14-3-3e¢ titration is indicated, 1 pg of the 14-3-3¢ vector was transfected. Cells were harvested and treated as
described. The data shown is representative of three independent experiments and the values depict the relative level of luciferase to pB-gal
expression. (B) COS7 cells were transfected with pcDNA3 (20 pg, i), CD20 (5 ug, i-vi), HA-E2F-5 (5 pg, iii-vi), DP-38 wt (5 ug, iii-iv), DP-3 5S
(5 pg, v and vi) and 14-3-3¢ (10 pg, ii, iv and vi) as indicated. Cells were harvested and subjected to FACS analysis as described. The data shown
are representative of three independent experiments; the percentage of transfected cells in sub-G1, G1, S phase and G2/M percentages
are indicated. (C) (i) COS7 cells were transfected with the following plasmids: pcDNA3 (2 pg), HA-E2F-5 (2 pg), DP-38 wt (2 ug), DP-3 5S (2 ug),
14-3-3¢ (4 ug) and RFP (1 pg) as indicated. Cells were harvested and measured for Brdu incorporation as described. The assay was carried out
blind and 200 cells were counted, and the values shown represent the average of three separate experiments. (C, ii) COS7 cells were treated as
described in (i) and subjected to the TUNEL assay.

©2006 European Molecular Biology Organization The EMBO Journal VOL 25 | NO 52006 1051



14-3-3 regulates E2F
AH Milton et a/

14-3-3¢ DP-3WT+14-3-3¢

DP-3 55+14-3-3¢

I 1T
K L

M

Figure 6 Intracellular location of 14-3-3¢ and DP-35. COS7 cells were transfected as indicated with the following expression vectors encoding
HA-E2F-5 (2 pg), DP-3 wt (2pg), DP-3 5S (2pug) and 14-3-3e (4pg) as indicated. Around 65h post-transfection, the cells were fixed and
subjected to immunofluorescence. Cellular DNA was stained with DAPI (A-E), while detection of the exogenously expressed 14-3-3¢ (K-0) and
DP-35 (F-J) was carried out using a monoclonal anti-myc antibody and the polyclonal anti-DP-3 antibody, 7.2, respectively. The assay was
carried out blind and about 200 cells were assessed. Data shown are typical of three independent experiments.

+
+
+

|+ +

++ +

+ +

IN
[
WT: - - + + - -
DP-S[ 5S: - - - - + +
14-3-3¢: + + + + + o+
Et: -+ + o+ - o+
> — e —
DP-3 0

. &b b |5 o-DP-3

Myc-14-3-3e » |« . -

— IB: o-Myc

1 2 3 4 5 6

7 8 9 10 11 12

Figure 7 The interaction between 14-3-3¢ and DP-38 is regulated by DNA damage. COS7 cells were transfected with expression vectors
encoding DP-36 wt (20 ug), DP-3 5S (20 ug), myc-14-3-3¢ (40 ug) and B-gal (5pug) as an internal control. At 48 h post-transfection, cells were
treated with 10 pM etoposide (Et) and 12 h later harvested and subjected to immunoprecipitation with anti-DP-3 antibody and immunoblotted
with either anti-DP-3 or anti-myc as indicated. The immunoglobulin heavy chain (*) obscures the upper DP-39 polypeptide in the IB anti-DP-3

treatment.

The 14-3-3¢/DP-3 interaction is DNA damage
responsive, and 14-3-3¢ localises to the promoters
of E2F target genes
As DP-3 is DNA damage responsive, and because 14-3-3¢
can regulate DP-3 activity, we assessed whether the physical
interaction between 14-3-3¢ and DP-38 is regulated by
DNA damage. In cells treated with the DNA-damaging agent
etoposide, there was a marked reduction in the level of
14-3-3¢ relative to untreated cells that bound to DP-38
(Figure 7). Combined with the earlier results on the increased
stability of DP-3 5S, the reduced interaction with 14-3-3¢
could account for the increased levels of DP-3 seen under
DNA damage conditions (Figure 1).

To investigate whether 14-3-3¢ could locate to the promoter
region of E2F target genes, we performed chromatin immuno-
precipitation (ChIP) on chromatin purified from SiHa cells,
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which express high levels of DP-3 (data not shown). As
expected from its role as a subunit of the E2F heterodimer,
DP-3 was readily detected on the E2F binding site of different
E2F target genes, including APAF-1, p73 and E2F-1 (Figure 8A
and B). Interestingly, 14-3-3¢ was also detected on the E2F
binding site in chromatin prepared from unperturbed cells
(Figure 8A and B), a result consistent with the presence of an
endogenous DP-3/14-3-3¢ complex (Figure 3G).

When ChIP was performed on chromatin purified from DNA-
damaged cells (bleomycin treatment for 6 h), while the levels of
DP-3 remained similar to untreated cells, there was a significant
reduction in the amount of 14-3-3¢ associated with each gene,
which was particularly evident for APAF-1 (Figure 8C). These
results indicate that endogenous 14-3-3¢ co-exists with DP-3 on
the promoters of E2F target genes, and that the level of 14-3-3¢
is regulated during the DNA damage response.
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Figure 8 14-3-3¢ and DP-3 locate to the promoters of E2F target
genes. (A) Chromatin immunoprecipilation (ChIP) was performed
as described using chromatin prepared from SiHa cells pre- and
postbleomycin treatment (5 pg/ml for 6 h) and primers encompass-
ing the E2F sites in APAF-1, p73 and E2F-1 together with the
indicated antibodies (see Materials and methods). B-Actin served
as a negative control. (B) ChIP was performed as described using
chromatin prepared from SiHa cells using the APAF-1 E2F binding
site and 14-3-3¢ antibody. Twice the amount of chromatin was used
in (B) to that in (A). (C) Quantitation of 14-3-3¢ binding by ChIP to
the E2F sites in the APAF-1, p73 and E2F-1 promoters. Quantitation
of the binding of 14-3-3¢ to APAF-1 was taken from the results
shown in (B).

To explore the role of endogenous 14-3-3¢ in the control of
DP-3, we undertook an siRNA approach to reduce the levels
of 14-3-3¢, and thereafter studied the effect on DP-3 and E2F
target genes. We identified an siRNA oligonucleotide, which
in cells caused in a specific reduction in 14-3-3¢ immuno-
staining (Figure 9A). The reduced levels were specific
because a number of unrelated proteins, such as zyxin
(Griffith et al, 2005), were not affected even though zyxin
could be knocked down with a zyxin-specific siRNA (Figure 9A).

The effect of the 14-3-3¢ siRNA was recapitulated at the
protein level where reduced levels of 14-3-3¢ were apparent
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upon treatment with the siRNA (Figure 9B). However, the
knockdown of 14-3-3¢ coincided with an induction of DP-3
and target genes such as APAF-1 (Figure 9B). Under condi-
tions in which DP-3 levels were reduced by introducing a
DP-3 siRNA, there was a concomitant reduction in the
expression of proteins encoded by E2F target genes, such
as APAF-1 (Figure 9B). These observations are consistent
with the earlier results on the increased stability seen
with DP-3 5S and suggest that 14-3-3¢ regulates DP-3 in
cells, and that the APAF-1 gene is one of the E2F target
genes regulated through this mechanism.

As DP-3 5S exhibits increased apoptotic activity
(Figure 4C), we reasoned that the knockdown of 14-3-3¢
and the consequent induction of DP-3 (Figure 9B) may
correlate with increased levels of apoptosis. We tested this
idea by measuring apoptosis in cells treated with siRNA
against 14-3-3e. Under these conditions, there was a clear
induction of apoptosis in siRNA treated cells (Figure 9C),
indicating that the induction of DP-3 caused by the knock-
down of 14-3-3¢ correlates with higher levels of apoptosis.
Moreover, when cells were co-treated with siRNA 14-3-3¢ and
siRNA DP-3, there was a significant reduction in apoptotic
activity (Figure 9C). These results suggest that the apoptosis
induced by siRNA 14-3-3¢ requires DP-3 activity.

Discussion

14-3-3 proteins regulate DP-3

The 14-3-3 family represents a group of proteins that function
in diverse cellular pathways and affect processes including cell
cycle progression and apoptosis (Fu et al, 2000; Muslin and
Xing, 2000; Tzivion et al, 2001; van Hemert et al, 2001). The
results described here define a new role for 14-3-3 proteins in
targeting the DP family member, DP-3, which enables 14-3-3¢
to influence and alter the functional properties of the E2F
pathway. Given the established role for E2F in regulating cell
cycle events, these results define a pathway through which 14-
3-3 activity is integrated with cell cycle control.

Our evidence suggests that the interaction between 14-3-3¢
and DP-3 is of functional importance during the DNA damage
response. Thus, DP-3 accumulates under DNA damage con-
ditions, the interaction between 14-3-3¢ and DP-3 is regulated
under DNA damage conditions and reducing the levels of
14-3-3¢ causes increased levels of DP-3. Taken together, the
results suggest that the interaction between 14-3-3¢ and DP-3
is regulated during the DNA damage response. Moreover,
the analysis of DP-3 5S, which cannot bind to 14-3-3¢ and
compared to wild-type DP-3 exhibits compromised transcrip-
tional and cell cycle activity in the presence 14-3-3¢, suggests
that 14-3-3¢ augments E2F activity under normal condi-
tions. During DNA damage, when DP-3 increases upon
14-3-3¢ release, DP-3 may be able to influence apoptosis
(Figure 4C). At a physiological level, the increased apoptosis
is entirely compatible with the effects of the DNA damage
response, which often causes the activation of genes and
proteins involved in cell death.

DP-3 subunit specificity of 14-3-3¢

The DP-3 subunit occurs as at least four distinct protein
isoforms (Stevens and La Thangue, 2003). Alternative
splicing of DP-3 RNA determines the presence of the
E region, which participates as one-half of a bi-partite NLS,
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Figure 9 14-3-3¢ regulates DP-3 in intact cells. (A) SiHa cells were treated with 14-3-3¢ siRNA or zyxin siRNA (as a positive control) as
described for the indicated times and immunostained with anti-14-3-3¢ or anti-zyxin (bottom), or DAPI (top). Note the reduced intensity
of 14-3-3¢ at 24 and 48h after treatment with 14-3-3¢ siRNA. (B) SiHa cells were treated with 14-3-3¢ (i and ii) or DP-3 (iii) siRNA and
immunoblotted with anti-DP-3, anti-14-3-3¢, anti-APAF-1 or anti-actin as indicated. Note the increase in DP-3 coincides with a decrease in the
level of 14-3-3¢ (i), and that reduced DP-3 levels causes a concomitant reduction in APAF-1 levels (iii). (C) SiHa cells were treated as described
above with 14-3-3 siRNA and assayed by TUNEL at 24 and 48 h post-treatment (i). The level of TUNEL-positive cells, namely apoptotic, is
indicated. In (ii), SiHa cells were treated with either 14-3-3 siRNA alone or together with DP-3 siRNA. The graph shows the relative increase in
apoptosis (sub-G1 cells) with 14-3-3 siRNA compared to co-treatment with DP-3 siRNA. The level of apoptosis with 14-3-3 siRNA was
arbitrarily set to 100%. (D) The model for control of DP-3 was by 14-3-3¢. The interaction of 14-3-3¢ with DP-3 maintains low levels of DP-3 and
thereby facilitates cell cycle progression. Reducing the interaction of 14-3-3¢ with DP-3 either by DNA damage or siRNA increases apoptosis,

which correlates with increased levels of DP.

the other part being located within the closely positioned DP-3 activity. In this respect, it is interesting to note that
basic (B) domain (de la Luna et al, 1996; Allen et al, 1997). signals controlling the intracellular location of other target
Our results suggest that the bi-partite NLS region is a recogni- proteins are regulated by 14-3-3 proteins (Muslin and
tion site for 14-3-3¢, and further that this interaction controls Xing, 2000). For example, the phosphorylation of Cdc25
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phosphatase by checkpoint kinase during the DNA damage
response leads to its association with 14-3-3 and subsequent
cytoplasmic sequestration of (Peng et al, 1997; Blasina et al,
1999; Kumagai and Dunphy, 1999). The cytoplasmic location
is believed to prevent Cdc25 reaching a critical target, Cdc2,
and thus delays cell cycle progression by retaining Cdc2 in an
inactive state. As binding of 14-3-3 occurs close to the Cdc25
NLS, altered intracellular location of Cdc25 may in part result
from interference with NLS activity (Kumagai and Dunphy,
1999; Zeng and Piwnica-Worms, 1999). In a similar manner,
histone deacetylase (HDAC) 4 and 5, which require a nuclear
location to exert their effects on chromatin, upon phosphor-
ylation bind to 14-3-3 and thereafter acquire a cytoplasmic
location (Grozinger and Schreiber, 2000). As with Cdc25,
14-3-3 binding may impede the function of the HDAC NLS
(Grozinger and Schreiber, 2000).

The interaction between DP-3 and 14-3-3¢ shows some
similarities to the aforementioned examples. Specifically,
14-3-3¢ recognition overlaps the bi-partite NLS in DP-3, and
the interaction regulates DP-3 activity. Moreover, and despite
the fact that the recognition site within DP-3 contains five
S residues, none of these residues appear to fit either the
RSXpSXP or the RXY/FXpSP sequence, which represent two
previously identified consensus recognition sequences for
14-3-3 proteins within target proteins (Yaffe et al, 1997).
There are, however, examples of 14-3-3 targets that do not
fit either of these consensus sequences. The proto-oncogene
product Cbl contains the variation RX;_,SX,_5S (Liu et al,
1997), while keratin 18 contains a novel 14-3-3 recognition
site (Ku et al, 1998). The forkhead transcription factor FKHRL1
also contains a 14-3-3 recognition site, but this involves
phosphorylation of a threonine residue at position 32 (Brunet
et al, 1999). Given these examples, it is clear that the recogni-
tion motif for 14-3-3 targets may be quite degenerate.

A role for DP-3 in checkpoint control

At a general level, the DNA damage response regulation of
DP-3 may reflect a role in checkpoint control. This idea rests
upon the observations described here, namely the regulation
of the interaction between 14-3-3¢ and DP-3, and the corre-
lative induction of DP-3 upon DNA damage. Under normal
conditions, 14-3-3¢ appears to maintain DP-3 in a form that
contributes to cell cycle progression and transcription. In
contrast, under DNA damage the loss of 14-3-3¢ binding
may influence apoptosis (Figure 9). In turn, these results
strengthen the evidence that the variety of E2F and DP
subunits that constitute E2F activity endow E2F with distinct
functional and biochemical properties. For the DP-3 subunit,
our results suggest a role in the DNA damage response.

Materials and methods

Plasmids and expression vectors

The following plasmids have been described previously: pCMV-HA-
E2F5 (Allen et al, 1997); pG-DP-35 (de la Luna et al, 1996); pCMV-
14-3-3e-myc (Chaudhri et al, 2003); pG4-DBD, pG4-DBD-DP-38N
and pG4-DBD-DPIN (de la Luna et al, 1999); and pCyclinE-luc
(Botz et al, 1996). The vector pG-DP-3 5S was constructed using the
QuikChange Single Site-Directed Mutagenesis Kit (Stratagene). The
pG-DP-3 5S mutant was obtained by successive rounds of individual
mutations using pG-DP-35 as the original template and the new
mutant as the template thereafter. The vector pPCMV-VP16-TAD-14-
3-3g-myc was constructed by subcloning full-length 14-3-3e-myc
into the vector pCMV-VP16-TAD. Both pGEX-DP-36 and pGEX-DP-3

©2006 European Molecular Biology Organization

14-3-3 regulates E2F
AH Milton et a/

5S encoding bacterially expressed GST-DP-36 and GST-DP-3 5S were
constructed by subcloning full-length pG-DP-38 and pG-DP-3 5SS
into the pGEX-KG vector.

Cell culture and transfection

COS7 cells were maintained in DMEM, supplemented with 10%
(v/v) foetal calf serum (FCS). Cells were transfected using the
calcium phosphate-DNA precipitate method and DNA levels were
normalised by the addition of pcDNA3. Protein extracts were
prepared 65h after transfection by scraping the cells and re-
suspending the cell pellet in 100 pl of micro-extraction (ME) buffer
(20mM HEPES, 100 mM NaCl, 25% glycerol, 50 mM NaF, 0.2 mM
EDTA, 0.5mM PMSF, 60 mM -glycero-phosphate, 1 mM Na;VOy,,
0.1% NP-40 and protease inhibitor cocktail) at 4°C for 30 min and
then centrifuged at 13000r.p.m. for 20min at 4°C. Supernatants
were assayed for total protein using the Bradford method (Biorad).

Immunoblotting and immunoprecipitation

Immunoblotting was performed according to standard procedures
using the polyclonal anti-DP3 antibody, 7.2, the monoclonal anti-
Myc antibody, 9E10 (Santa Cruz), the monoclonal anti-HA antibody,
HA1l (Babco), the monoclonal anti-DP-2 antibody, G12 (Santa
Cruz), and the polyclonal anti-14-3-3¢ antibody, T-16 (Santa Cruz).
For immunoprecipitation, cells were lysed in ME buffer and
incubated for 24 h at 4°C with the appropriate antibody bound to
protein A-Sepharose beads. Proteins were released and resolved by
SDS-PAGE, followed by immunoblotting.

In vitro binding

GST or GST-tagged protein (5pg) bound to beads were washed
in ME buffer. Either 1mg total protein from extract or in vitro-
translated protein was incubated with the beads for 1h at 4°C. The
beads were then washed in ME buffer and analysed by SDS-PAGE
and immunoblotting.

Immunostaining

COS7 cells were seeded onto glass coverslips and transfected with
the indicated plasmids. At 65h post-transfection, the cells were
washed twice with PBS and fixed with 4% paraformaldehyde,
permeabilised with 0.1% Triton X-100 and blocked with PBS
containing 10% FCS. The anti-DP3 and anti-Myc antibodies were
incubated for 30min at a dilution of 1:1000 in 1% FCS/PBS.
Secondary anti-mouse Alexa 594 and anti-rabbit Alexa 488
antibodies were from Molecular Probes. Cells were counterstained
with 4,6-diamidino-2-phenylindole (DAPI).

Flow cytometry

COS?7 cells were transfected with the indicated plasmids together
with 5pug pCMV-CD20. At 65h post-transfection, the cells were
harvested in cell dissociation buffer (Sigma) and incubated with
FITC-conjugated CD20 antibody (Becton-Dickinson) to identify the
transfected cell population. The cells were then washed in PBS and
fixed overnight at 4°C. Cells were sorted on a FACScan cell sorter
(Becton-Dickinson) and analysed using the Cell Quest software
package.

Luciferase assays

The pCyclinE-luc construct has been described previously (Botz et al,
1996). For reporter assays, COS7 cells were transfected with 0.5 pg of
luciferase reporter plasmid, 1ug of pCMV-B-galactosidase (B-gal)
plasmid as an internal control and the indicated expression plasmids.
Transfected cells were harvested by gentle scraping into 300 ul of
luciferase assay lysis buffer (Promega). Lysates were transferred and
centrifuged at 13000 r.p.m. for 15min at 4°C. The supernatants were
used for luciferase and B-gal activity assays. All were performed in
duplicate and were normalised to -gal expression.

Cell proliferation (Brdu) assay

COS7 cells transfected with the indicated plasmids. At 65h post-
transfection, 10 uM Brdu (Roche) was added to the cells in culture
and left for 1h. The cells were washed twice in PBS and fixed for
45min in ethanol (70%) in 50mM glycine buffer, pH 2. The
coverslips were washed twice in PBS and one coverslip was removed
and used in an immunofluorescence assay to ensure efficient
expression of the exogenous protein. The remaining coverslips were
simultaneously incubated with 5U/ml DNAse and the appropriate
dilution of anti-Brdu-FLUOS antibody for 1h at 37°C.
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TUNEL assay

COS7 cells were transfected with the indicated plasmids. At 65h
post-transfection, the cells were fixed onto coverslips by the
addition of 4% (w/v) paraformaldehyde for 1h. One coverslip
was removed and used in an immunofluorescence assay to ensure
expression of the exogenous proteins. The remaining coverslips
were washed twice in PBS and permeabilised on ice for 2 min by the
addition of 1% (v/v) Triton X-100 in PBS. The coverslips were
washed again in PBS and the TUNEL (TdT-mediated dUTP-X nick
end labelling) reaction mixture (50% terminal transferase/50%
fluorescein-dUTP) was added for 1h at 37°C. The samples were
washed twice in PBS and rinsed in DAPI stain to enable detection of
the cells.

Cycloheximide treatment

COS7 cells were transfected with the indicated plasmids. After 48 h,
0.01 ug/ul cycloheximide (Promega) was added and harvested
thereafter at the indicated time point. The cell extracts were lysed
in ME buffer and the supernatant was removed after which the
samples were subjected to SDS-PAGE and finally Western blotting.

Yeast two-hybrid assay

Saccharomyces cerevisiae CTY10.5d (MATa ade2 trp1-901 leu2-3,112
his3-200 gal80 URA3::lexA op-lacZ) with integrated plasmid
pSH18-34, which carries four binding site for LexA upstream of
the transcription start site of a lacZ gene, was used. A 10.5d.p.c.
CD-1 mouse embryo library generated by random-primed cDNA
synthesis and size selected to have insert sizes in the range 350-700
nucleotides cloned into vector pVP16, which caries the LEU2 gene,
was screened against the DP-38 bait carrying residues 1-110 cloned
into vector pLexA that contains the HIS3 gene creating the DP-3
LexA-bait fusion protein.

Yeast were transformed simultaneously with bait and library
plasmid using the lithium acetate method as described (de la Luna
et al, 1999). Colonies were assayed for B-gal activity by filter assay.
Blue colonies were isolated and plasmids conferring a Trp+
phenotype that gave a blue colony colour only in the presence of
bait were selected and DNA sequenced.

Gel retardation assay

Gel retardation was carried out as described (Bandara et al, 1994)
in 30pl reactions containing 500ng salmon sperm DNA, 500ng
BSA, reaction buffer (40 mM HEPES, pH 7.9, 400 mM KCl, 4 mM
EDTA, 16% Ficoll, 1 mM DTT, protease inhibitors) and in vitro-
translated proteins. Where complexes were identified by anti-
body shifts, 2 ul of HA1l antibody (Babco) was added for 20 min,
then radiolabelled probe was added and incubated for a further
20min followed by electrophoresis on a 4% polyacrylamide gel
run at 4°C. The E2F binding site probe contained the distal E2F
site from the E2A promoter (Bandara et al, 1994). Proteins were
in vitro-translated using the TNT-coupled reticulocyte lysate kit
(Promega).

siRNA expression
The following siRNA oligonucleotides were used to interrupt the
expression of endogenous 14-3-3¢ and DP-3 proteins:

14-3-3¢
Oligonucleotide 1:
Forward sequence: 5-GGGAGGAGAAGACAAGCUATT-3
Reverse sequence: 5-UAGCUUGUCUUCUCCUCCCTT-3'.
Oligonucleotide 2:
Forward sequence: 5-GGUUAAUCACACUAUAGAGTT-3'
Reverse sequence: 5'-CUCUAUAGUGUGAUUAACCTC-3'.
Oligonucleotide 3:
Forward sequence: 5-GGAGAAGACAAGCUAAAAATT-3’
Reverse sequence: 5-UUUUUAGCUUGUCUUCUCCTC-3'.
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DP-3

Oligonucleotide 1:

Forward sequence: 5'-GGCUUUAGAAGGUUAUAUCTT-3/
Reverse sequence: 5-GAUAUAACCUUCUAAAGCCTT-3'.
Oligonucleotide 2:

Forward sequence: 5-GGAGAUAAAAAUGGGAAAGTT-3’
Reverse sequence: 5-CUUUCCCAUUUUUAUCUCCTT-3'.
Oligonucleotide 3:

Forward sequence: 5-GGCUUGAGACACUUUUCAATT
Reverse sequence: 5'-UUGAAAAGUGUCUCAAGCCTT-3'.

Oligonucleotides were purchased from Ambion and were found to
be functional in reducing endogenous 14-3-3e and DP-3 protein
expression in SiHa cervical carcinoma cells. The siRNA oligonucleo-
tides against zyxin have been described previously (Griffith et al, 2005).

Chromatin immunoprecipitation

For ChIP, SiHa cells were treated with 1 ug/ml bleomycin (Sigma)
for 6h or left untreated (0h). After crosslinking with 1%
formaldehyde (Sigma) for 10 min, cells were washed twice with
cold PBS containing 125mM glycine and harvested. The nuclear
pellet was resuspended in RIPA buffer (10mM Tris-HCl, pH 7.5,
150 mM NaCl, 1% NP-40, 1% deoxycholic acid 0.1% SDS, 1 mM
EDTA, 1mM PMSF and protease inhibitor cocktail (Roche)) and
sonicated to produce soluble chromatin with average size between
300 and 1000 bp. The nuclear lysate was precleared by incubating
with salmon sperm DNA/BSA-blocked Sepharose A/G beads for 4h
at 4°C. The lysate was used for immunoprecipitation with anti-Gal4-
DNA-BD (control Ab), anti-14-3-3¢ (T-16), anti-DP-2 (C-20) (all from
SantaCruz Biotechnology) and without antibody (no antibody
control) overnight at 4°C. The immune complex was collected by
incubating with salmon sperm DNA/BSA-blocked Sepharose A/G
beads for 4h at 4°C. The beads were washed twice with buffer
I (20mM Tris-HCI, pH 8.1, 150mM NaCl, 0.1% SDS, 2 mM EDTA,
1% Triton X-100), three times with buffer II (20 mM Tris-HCI, pH
8.1, 500mM NaCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA), four
times with buffer III (0.25M LiCl, 1% NP-40, 1% doxycholic
acid, 1mM EDTA, 10mM Tris-HCl, pH 8.1) and TE buffer. For
de-crosslinking, the eluted complex was treated with 40 mM Tris-
HCl, pH 6.5, 200mM NaCl, 10mM EDTA, 2pl of 10mg/ml
proteanase K, 1pl of 10mg/ml RNase A and incubated at 55°C for
3h and 65°C overnight. The de-crosslinked chromatin DNA was
further purified by Qiaquick PCR purification kit (Qiagen) and
eluted in 50 pl elution buffer supplied with the kit. A measure of 1 pl
eluted DNA sample was used for each PCR reaction.

The primers used for amplification were as follows:

E2F-1:
Forward: 5-AGGAACCGCCGCCGTTGTTCCCGT-3/,
Reverse: 5-GCTGCCTGCAAAGTCCCGGCCACT-3/,

p73:
Forward: 5-TGAGCCATGAAGATGTGCGAG-3’,
Reverse: 5'-GCTGCTTATGGTCTGATGCTTATG-3'

APAF-1:
Forward: 5'-CCGACTTCTTCCGGCTCTTCA-3’
Reverse: 5-GAGCTGGCAGCTGAAAGACTC-3'

B-Actin:
Forward: 5'-CAAGGCGGCCAACGCCAAAACTCT-3,
Reverse: 5'-GCCATAAAAGGCAACTTTCGGAACG-3'.
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